Abstract-This paper describes the design, fabrication, and performance of planar-geometry InGaAs-InP devices which were specifically developed for single-photon detection at a wavelength of 1550 nm. General performance issues such as dark count rate, single-photon detection efficiency, afterpulsing, and jitter are described.
I. INTRODUCTION

S
INGLE-PHOTON counting and single-photon timing have become increasingly important in a number of applications such as time-resolved photoluminescence [1] , optical time-domain reflectometry (OTDR) [2] and time-of-flight laser ranging [3] and imaging. More recently they have been employed in quantum key distribution [4] and noninvasive testing of VLSI circuits [5] . Commercially available InGaAs-InP avalanche photodiodes (APDs) designed for use in linear multiplication mode have been tested in Geiger mode [6] , [7] in order to extend the spectral range of efficient single-photon detection to wavelengths greater than that afforded by the currently available Si-based single-photon avalanche diode (SPAD) detectors (i.e., wavelengths greater than 1 m). These InGaAs-InP detectors have exhibited good single-photon detection efficiency (SPDE) and subnanosecond timing jitter, however they have limited counting rates due to the severe deleterious effects of the afterpulsing phenomenon. Alternative approaches to photon-counting have also been developed such as quantum-dot (QD) field effect transistors [8] and QD resonant tunnelling diodes [9] which have shown promising results in terms of SPDE at wavelengths around 684 nm [10] . Superconducting single-photon detectors [11] have demonstrated a SPDE of approximately 5% at a wavelength of 1.55 m when cooled to a temperature of 4 K. This paper describes the design, fabrication and characterization of planar geometry InGaAs-InP avalanche diode detectors, which have been specifically designed for single-photon detection. We describe the temperature dependence of the device SPDE, dark count rate (DCR), noise equivalent power (NEP), and jitter, focusing on the effect of the critical InGaAsP grading layer between the narrow-gap InGaAs absorption layer and the wide-gap InP multiplication layer. This study represents a fabrication program for planar InGaAs-InP SPADs and highlights some important issues in device design.
II. DEVICE STRUCTURE
The devices studied in this paper are of planar geometry and are based on the separate absorption, grading and multiplication region APDs [12] commonly used for applications requiring internal gain of weak input optical signals. In this structure the optical absorption is performed in the In Ga As, which is not suitable for multiplication, since tunnelling in this material [13] would take place at a lower electric field than that required for impact ionization. Instead, multiplication takes place in the wider gap InP. In order to smooth the large valence band discontinuity between InGaAs and InP (see below), a suitable quaternary grading layer of InGaAsP is added between the two materials.
It is important to notice that the design criteria for the devices described in this paper are similar to linear multiplication APDs except in three important respects. 1) The design must allow low temperature operation (at least down to 150 K) in order to reduce the DCR due to thermally generated carriers, therefore the difference between the punch-though voltage and the breakdown voltage must be of at least 30 V, since the former remains almost unchanged, while the latter is reduced with decreasing temperature.
2) The design must take into account the higher electric fields used in comparison with linear multiplication devices. In particular, it is necessary to avoid as far as possible tunneling effects, even those with low probability, since they will also increase the DCR. This is achieved by having a low electric field in the InGaAs.
3) The mask design incorporates different diffused area curvatures in order to accommodate the smaller volume structures needed for low DCRs whilst avoiding edge breakdown effects, such as the 10-m diameter devices (see later). The specific choice of the zinc diffused planar geometry was based on previous studies done by our research groups, which 0018-9197/$20.00 © 2006 IEEE highlighted consistently lower DCRs in devices fabricated using this approach [6] , [7] , [14] . Fig. 1(a) is a schematic showing the principle of device operation in relation to its energy band diagram. When a photon is absorbed in the InGaAs layer, an electron-hole pair is generated. The electron is swept toward the back contact, while the hole drifts in the depleted InGaAs layer toward the InP multiplication region where it undergoes impact ionization. The intermediate bandgap InGaAsP is introduced between InGaAs and InP to ensure efficient transfer of holes across the large valence band discontinuity. In this paper we will show the effect of the grading layer composition on the SPDE of the InGaAs-InP SPAD.
The device material was grown epitaxially by metal organic chemical vapor deposition. As shown in Fig. 1(b) , the device consists of a 2.5-m-thick layer of lightly n-doped InGaAs for efficient absorption of photons at a wavelength of 1.55 m, and a 1-m-thick layer of nominally undoped InP for multiplication to take place. The charge sheet layer is a 300-nm-thick InP n-doped at 6 10 cm , which is needed to reduce the electric field from the InP multiplication region to the InGaAs absorption layer. For the grading layer, two main device designs were grown: 1) with a graded region consisting of one quaternary with an exactly intermediate bandgap between InGaAs and InP, which we shall call SPAD-1Q and 2) with a graded region composed of three sublayers of stepped bandgap, which we shall call SPAD-3Q. Our previous attempts to utilize a continuously varying gap were not successful. The p-n junction is fabricated by diffusing the p-type dopant zinc into the top InP region. In order to minimize the DCR of the device, a planar geometry device was formed using the diffusion of the p-type Zn dopant alone. The use of etch and regrowth techniques [15] , [16] was avoided in order to reduce interface states that may contribute to dark count and afterpulse levels. The active area is shaped by the diffusion of zinc via two separate processes using different mask sets as first suggested by Liu et al. [12] . This double diffusion reduces the curvature at the edge of the device, thus reducing the likelihood of edge breakdown [17] , where the device will preferentially exhibit avalanche breakdown at the edge of the active area rather than in the central region, hence significantly lowering the SPDE. The likelihood of edge breakdown can be further reduced by the introduction of floating guard rings (FGR) [12] that decrease the electric field at the edges of the main junction.
An optical microscope image of the device prior to bonding is shown in Fig. 2 . The active area of the device is defined by the opening for the deeper zinc diffusion, and the metal contact. Both the central diffusions and the floating guard rings are concentric. The contact is formed by evaporated Au-Zn-Au for the top p-side, and InGe-Au for the n-substrate.
III. DEVICE CHARACTERISTICS
The reverse current-voltage characteristics showed a similar behavior for both structures. The only evident difference in the curves shown in Fig. 3 for the dark current measured in 10-m-diameter devices from both structures at room temperature is the position of the punch-through voltage . This is the voltage at which the depletion region extends into the InGaAs layer and efficient collection of the carriers generated by absorption of 1.55-m wavelength light can take place. The dark current and breakdown voltages are the same for both structures. The dark current at room temperature was measured to be 3 nA at 95% of , and varied between 105 and 110 V across approximately 10 mm of wafer. The difference in the punch-through voltage value is most likely due to the slight thickness variation between the two structures in the top InP layer.
From Fig. 4 , it can also be noticed that the punch-through voltage does not change significantly with temperature, as expected, nor does the value of the photocurrent measured just above punch-through with an incident light of 1.55-m wavelength. The breakdown voltage decreases linearly with temperature with a coefficient of 0.17 V/K, which is consistent with previously published results [7] .
For the characterization of these detectors in terms of photon-counting performance, we used the setup shown in Fig. 5 . Two lasers were used for the characterization: a passively -switched diode laser [18] for the timing measurements with a low jitter 20 ps pulsewidth and a distributed feedback (DFB) laser for alignment and SPDE measurements. This setup allowed for SPDE and jitter measurements to be performed without altering the optical alignment of the system. One output of the beamsplitter was used to constantly monitor the laser power, the second was heavily attenuated to ensure an average of less than one photon per pulse arrived at the SPAD detector. The output fiber of the optical attenuator was attached to a microscope baseplate [19] where it was collimated and then focused on the sample using a 20 magnification microscope objective lens. The microscope baseplate housed all optical components for imaging and delivering the laser to the detector, allowing high-precision alignment and focusing on the detector. White light and an infrared camera were used to image the devices. The sample was fixed in a continuous flow cryostat under high vacuum, and was connected to two coaxial cables for biasing. The dc bias had a gate superimposed upon it by the pulse generator to take the device beyond avalanche breakdown and into the Geiger regime, i.e., the gated mode operation [20] . This pulse generator also provided the synchronization pulse for the laser drivers and signals the start for the timing of the photon-counting card. The avalanche pulse current was small and therefore amplified before passing through a constant fraction discriminator. The photon-counting statistics were measured using an Edinburgh Instruments Ltd. TCC900 photon-counting PC card.
Here, we report the device characterization in terms of the figures of merit that are relevant for single-photon detection such as DCR, SPDE, NEP and timing jitter. The DCR is the count rate of the detector when no light impinges on it, it is due to thermally generated carriers and is enhanced by the release of trapped carriers. The SPDE is the probability that a photon incident on the detector generates an output pulse. It can be measured as the ratio of the number of detected photon events compared to the number of incident photons averaged over a large number of optical pulses, and assuming a low probability of multiple photons in each optical pulse. The NEP is a figure of merit for photodetectors that takes into account both the SPDE and the DCR. It represents the least measurable optical power (with 1-Hz bandpass noise filtering, that is, 1-s total counting time in single-photon counting) and is given by the following equation:
where is the single-photon energy. The timing jitter is the full-width at half-maximum of the SPAD response and is measured in a time-correlated photon counting (TCPC) set up when the detector is illuminated with a highly attenuated pulsed laser with shorter pulse duration, in practice approximately 20 ps. All the results taken on the InGaAs-InP SPADs at different temperatures are presented in comparison with the best commercially available linear multiplication APDs (Epitaxx EPM239AA and Fujitsu FPD15W5) operated in Geiger mode. The detectors were operated in gated mode which, in the measurements described in this paper, consisted of applying a dc bias to the detector at 1 V below , and applying a gate of 100-ns duration and an amplitude corresponding to applying an excess bias (i.e., bias above ) of 10% at all the measured temperatures. The value of 10% was chosen for all the devices, this being the value at which the SPDE is high, although still below the saturation level, while the DCR is low enough to guarantee a good NEP. The time period between the gates was 100 s, corresponding to a repetition rate of 10 kHz for all the measurements, to avoid the effects of afterpulsing.
The Epitaxx EPM239AA has a nominal active area diameter of 40 m and some information regarding its microstructure has been published previously [21] , [22] . This published material indicates that the p-well is obtained by two different zinc diffusion processes. The edge breakdown is prevented by use of two floating guard rings at each side of the well. The grading of the quaternary layer is obtained by growing three different sublayers of varying composition of InGaAsP. Substrate entry geometry allows incident photons a second chance at absorption after reflection at the annealed AuZn top contact, thus permitting a thinner InGaAs absorption layer thickness and a corresponding reduction in the thermally generated leakage current for a given device diameter. This device has a room temperature dark current at 95% of approximately 100 pA. The Fujitsu FPD15W5 is a free space device with a diameter of 80 m. According to the literature [15] , [16] , this APD consists of a separate absorption, grading and multiplication structure, again with three sublayers used for the InGaAsP grading layer. The main difference with respect to the Epitaxx APD is the geometry employed for suppression of edge breakdown. The Fujitsu devices' active region is formed by one single diffusion, and the edge breakdown is prevented by incorporating two lateral charge sheets. This can be achieved by etching and regrowth of the device, which appears to be the key fabrication difference between the two commercially sourced devices. This processing step, however, has an adverse influence on the quality of the material in the active junction and, in fact, the dark current at room Fig. 7 . DCR as a function of the repetition rate for a 20-m-diameter SPAD-3Q at different temperatures when a 100-ns duration gate is applied. The DCR increases rapidly with repetition rate for repetition rates higher than 50 kHz. temperature has a much higher value than the Epitaxx device, being in the order of 1 nA. Fig. 6 shows the DCR of the detectors as a function of temperature, compared with selected linear multiplication devices operated in Geiger mode. The measurements are taken at the same bias levels used for comparison of the SPDE shown in Fig. 8 . Generally, the SPAD devices presented here compare well in terms of DCR with the selected APD devices. The expected behavior of the DCR as a function of temperature is an exponential dependence. At temperatures higher than 175 K the SPADs have a higher DCR than the Epitaxx APD, but their DCR drops at lower temperature, and more so for the SPAD-1Q. This is most likely due to thermally generated holes in the InGaAs not being efficiently swept across the valence band discontinuity at low temperature due to their reduced thermal energy. This effect is more significant in the SPAD-1Q due to the higher valence band discontinuity between adjacent sublayers in comparison to the SPAD-3Q device. Fig. 7 shows the DCR dependency on repetition rate to illustrate the effect of the afterpulsing phenomenon. It is evident that at lower repetition frequencies (i.e., 50 kHz) with a 100-ns duration gate, the DCR remains constant. This indicates that the main contribution to the DCR is given by thermally generated initiating carriers, rather than initiated by carriers trapped during previous avalanche events. At higher repetition rates, carriers trapped in deep levels during an avalanche are subsequently released during the following gate-on period, triggering a new avalanche. This generates an increase in the DCR known as the afterpulsing effect. In order to operate at higher repetition rates, a shorter gate could be applied [23] to reduce the total charge in the avalanche pulse. For comparing the true primary DCR, we will avoid the enhancement due to afterpulsing and consider only thermally generated carriers by using a low repetition rate of 10 kHz.
The device SPDE measurements as a function of temperature with a 10% relative excess bias applied are shown in Fig. 8 . At high temperatures, the SPADs reach a SPDE of about 10%, which is comparable to the best reported performance of InGaAs-InP single-photon detectors operating in comparable conditions. Higher SPDE was reported only for operation with ultrashort gate duration (about 1 ns) and larger excess bias [23] . When the temperature is reduced, the detection efficiency drops significantly in both the SPAD-1Q and SPAD-3Q detectors, but significantly more so for the SPAD-1Q detectors. Such a temperature dependence is much less evident with the commercially available detectors shown in the diagram for comparison.
By plotting the SPDE in an Arrhenius plot, as shown in Fig. 9 , we measured an activation energy for the thermionic emission of the holes of 70 meV for the SPAD-1Q and 40 meV for the SPAD-3Q. These values are consistent with those calculated by Forrest et al. [24] for the valence band discontinuity when a reverse bias of approximately 90 V is applied to the detector. If we assume evenly spaced bandgaps in the SPAD-3Q structure, we expect a maximum valence band discontinuity approximately half that of the SPAD-1Q structure. This was confirmed by experimental results as shown in Fig. 9 . Despite the clear improvement achieved by adding two more bandgap steps to the grading layer, further development of the quaternary layer will be needed to attain the value of 8.8 meV measured for the Epitaxx APD. Also to further improve the SPDE a higher electric field should be used at the hetero-interfaces to improve the transport efficiency of the photogenerated holes. Moreover, an antireflection coating together with a back entrance geometry similar to the Epitaxx devices could be employed for improving the detector performance. Fig. 10 shows the results in terms of NEP. For a device to be good, the NEP needs to be as low as possible, therefore, at high temperature the SPADs still compare well with the commercial devices, but their performance degrades at lower temperature, due to the strong reduction in SPDE.
As far as the timing jitter is concerned, the detectors showed a measured response of approximately 450 ps at best (this includes the measurement system response), as shown in Fig. 11 . The jitter measured at 225 K increased considerably to 800 ps, since the output signal of the SPAD is small (20 mV) and the signal-to-noise ratio is poor (3:1). The low signal-to-noise of the analogue output signal could be significantly improved by improved contacts to reduce the series resistance of the device. The noise inherent in the output circuitry is also partly due to particularly long cables used within the cryostat, which make a significant contribution to the jitter measured in these experiments. The measured values did not appear to depend on temperature, and could be improved by employing more advanced electronics for the extraction of the SPAD current output and improved low-temperature packaging of the device. Nevertheless a jitter of 450 ps is reasonable in the context of quantum key distribution applications at wavelengths of 1.3 and 1.55 m.
IV. CONCLUSIONS
We have successfully developed SPADs for efficient detection at a wavelength of 1.55 m with a SPDE of 10% and a NEP of 6 10 W Hz at 200 K. It is clear that considerable potential exists for further improvements by 1) the use of antireflection coatings, which should improve the SPDE by approximately 30%; 2) further refinement of the quaternary layers as discussed above; 3) enhance the electric field at the hetero-interface; 4) further refinement of the Zn diffusion front to more fully centralize the active area of the device; and 5) the effect of changing the thickness of the avalanche junction may be worth investigating, but in direction opposite to that of current research on amplifying APDs. Very narrow avalanche regions are employed for reducing the multiplication noise in APDs, but in SPADs they would reduce the SPDE without bringing significant advantages. Thicker avalanche regions could instead be experimented in SPADs for obtaining higher detection efficiency with lower electric field, possibly without degrading the timing jitter and the dark counting rate. We also have investigated the effect of the grading layer on the SPDE of a custom built SPAD, and fully tested the devices for robustness in temperature cycling and long operation times. The measured timing jitter of 450 ps could be reduced through improved ohmic contacts to the detectors, as well as improved packaging.
The devices still suffered from a level of afterpulsing comparable to that of linear multiplication devices previously studied. However, these devices have reached a sufficiently high level of operating performance that they can be used as a basis for further analysis and a subsequent development program to investigate the origin and methods of removal of the trap states that cause the afterpulsing phenomenon.
